Nanophase Technologies Corporation (NTC) employs a new physical vapor synthesis technique to manufacture ceria-based mixed rare earth oxide nanomaterials. The mixed rare earth oxide nanoparticles are dense, discrete crystals. The compositions are solid solutions that remain thermally stable to above 1050°C. Ceria is an active oxygen storage material. Doping ceria with other rare earth metals enhances the thermal stability of nanocrystalline particle size and increases the oxygen storage capacity (OSC). The mean particle size, and static and dynamic OSC of ceriabased mixed rare earth oxides will be presented as a function of particle composition, morphology, and thermal history. These materials are being engineered for several applications including oxygen storage catalysts and polishing materials.
INTRODUCTION
A large relative portion of atoms/molecules reside at a nanoparticle surface. The surface atoms/molecules are unsaturated in bonding and highly reactive. Thus the nanoparticle surface has large interactions with other particles and the application environment.
Nanoparticles produced by physical vapor synthesis in particular have unique properties including high chemical reactivity per mass, wide composition palette, high zeta potential, and processing advantages that result from their high surface area and discrete particulate morphology.
Application environments, such as elevated temperatures or aqueous dispersions, are often averse to maintaining the properties associated with the discrete nature of nanoparticles. Therefore, nanoparticle compositions and morphologies were developed to enable nanoparticle applications in targeted, adverse application environments.
Nanoparticle Production
NTC produces nanocrystalline metal oxides by a new, patent-pending, physical vapor synthesis techniqueNanoArc Synthesis. The process vaporizes precursors in a plasma, followed by rapid quenching, condensation, and formation of metal oxide nanoparticles. The size of the nanoparticles is controlled by the condensation rate and the particle concentration in the quench zone. The discrete nanoparticles form loose aggregates collected as a dry powder. Nanoparticles produced by the NanoArc process are crystalline, equiaxed, non-porous, discrete particles with mean diameters in the 7 -50 nm range. These nanoparticles have a high zeta potential and can be dispersed to provide stable dispersions. The NanoArc process is commercially scaled and produces single-and mixed-metal oxides.
Surface Treatment and Dispersion
NTC developed proprietary surface treatment and dispersion processes for nanoparticles designed to provide one or more of the following properties: dispersion into fluids (aqueous and hydrocarbons), prevention of particle agglomeration, compatibility with formulation ingredients, and enhance nanoparticle surface chemistry. As produced, the metal oxide powders disperse, to a "natural" pH, in aqueous systems. However applications generally require nanoparticle dispersions to be formulated with other ingredients and/or used at pH values other than the "natural" pH. Thus, to derive economic benefit nanoparticles require surface treatment, especially if the application pH requires adjustment through the isoelectric point of the nanoparticle dispersion.
EXPERIMENTAL
Nanoparticle surface area was determined by the BET method for determining specific surface area by nitrogen adsorption. Nanoparticle size is calculated from the surface area and particle density, assuming spherical particle morphology.
OSC is the ability of a material to absorb oxygen in an oxidative atmosphere and desorb oxygen in a substantially inert atmosphere. OSC was quantified on a thermogravimetric analyzer which measures the weight of the oxygen storage material as a function of temperature after the oxygen storage material is subjected to sequential oxidation-reduction cycles. Each oxidation-reduction cycle involves (a) heating the nanoparticles to 600 C under oxygen, (b) reducing the nanoparticles with a hydrogennitrogen gas (2%/98%, mole basis) at 600 C, and (c) oxidizing the nanoparticles with oxygen at 600 C. OSC is expressed as moles of oxygen per gram of catalyst.
DISCUSSION
Ceria and doped-ceria nanoparticles produced by the NanoArc process are listed in Tables 1 and 2 . The nanoparticles were characterized by zeta potential, and BET surface area and OSC as a function of thermal treatment. XRD measurement of the doped-ceria based nanoparticles indicates crystalline solid solutions of the indicated compositions were formed -these materials remain stable at the thermal conditions investigated.
The OSC of thermally treated ceria and doped-ceria nanoparticles are given in Table 1 . The particle size of all the nanoparticles drops (decrease in BET) when subjected to 1050°C thermal treatment for 12 hours. The static OSC also decreases as a result of nanoparticle sintering resulting from thermal treatment.
The temperature dependence of OSC for thermally treated ceria and doped-ceria nanoparticles is given in Table 2 . The temperature dependence of OSC is dependent on nanoparticle composition.
Stable aqueous dispersions of ceria and doped-ceria nanoparticle were prepared at up to 50 wt% solid concentrations and pH values from 4 to 8. The high zeta potentials enable dispersions to remain stable for at least 18 months.
CONCLUSIONS
Ceria nanoparticles exhibit decreases in OSC when subjected to increasing calcination temperatures. The degradation in static OSC is attributed to a decrease in active surface area of the nanoparticle at temperatures above the sintering temperature.
Doped ceria nanoparticles have greater OSC and are more thermally stable compared with ceria nanoparticles.
Ceria nanoparticles surface-treated with zirconia have greater and more thermally stable OSCs compared with ceria nanoparticles even though the surface area of zirconia-surface treated ceria decreases above the sintering temperature.
The OSC temperature dependence is a function of the nanoparticle composition. Thus, nanoparticle compositions can be tailored to provide high OSC, or high chemical reactivity, at specific application temperatures to provide high performance nanomaterials to meet demanding application needs. 
Nanoparticle

